The oxidized glutathione mimetic NOV-002 is a unique anti-tumor agent that not only has the ability to inhibit tumor cell proliferation, survival, and invasion, but in some settings can also ameliorate cytotoxic chemotherapy-induced hematopoietic and immune suppression. However, the mechanisms by which NOV-002 protects the hematopoietic and immune systems against the cytotoxic effects of chemotherapy are not known. Therefore, in this study we investigated the mechanisms of action of NOV-002 using a mouse model in which hematopoietic and immune suppression was induced by cyclophosphamide (CTX) treatment. We found that NOV-002 treatment in a clinically comparable dose regimen attenuated CTXinduced reduction in bone marrow hematopoietic stem and progenitor cells (HSPCs) and reversed the immunosuppressive activity of myeloid-derived suppressor cells (MDSCs), which led to a significant improvement in hematopoietic and immune functions. These effects of NOV-002 may be attributable to its ability to modulate cellular redox. This suggestion is supported by the finding that NOV-002 treatment upregulated the expression of superoxide dismutase 3 and glutathione peroxidase 2 in HSPCs, inhibited CTX-induced increases in reactive oxygen species production in HSPCs and MDSCs, and attenuated CTX-induced reduction of the ratio of reduced glutathione to oxidized glutathione in splenocytes. These findings provide a better understanding of the mechanisms whereby NOV-002 modulates chemotherapy-induced myelosuppression and immune dysfunction and a stronger rationale for clinical utilization of NOV-002 to reduce chemotherapyinduced hematopoietic and immune suppression.
The oxidized glutathione mimetic NOV-002 is a unique anti-tumor agent that not only has the ability to inhibit tumor cell proliferation, survival, and invasion, but in some settings can also ameliorate cytotoxic chemotherapy-induced hematopoietic and immune suppression. However, the mechanisms by which NOV-002 protects the hematopoietic and immune systems against the cytotoxic effects of chemotherapy are not known. Therefore, in this study we investigated the mechanisms of action of NOV-002 using a mouse model in which hematopoietic and immune suppression was induced by cyclophosphamide (CTX) treatment. We found that NOV-002 treatment in a clinically comparable dose regimen attenuated CTXinduced reduction in bone marrow hematopoietic stem and progenitor cells (HSPCs) and reversed the immunosuppressive activity of myeloid-derived suppressor cells (MDSCs), which led to a significant improvement in hematopoietic and immune functions. These effects of NOV-002 may be attributable to its ability to modulate cellular redox. This suggestion is supported by the finding that NOV-002 treatment upregulated the expression of superoxide dismutase 3 and glutathione peroxidase 2 in HSPCs, inhibited CTX-induced increases in reactive oxygen species production in HSPCs and MDSCs, and attenuated CTX-induced reduction of the ratio of reduced glutathione to oxidized glutathione in splenocytes. These findings provide a better understanding of the mechanisms whereby NOV-002 modulates chemotherapy-induced myelosuppression and immune dysfunction and a stronger rationale for clinical utilization of NOV-002 to reduce chemotherapyinduced hematopoietic and immune suppression.
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Many cancer patients receiving chemotherapy and/or radiotherapy develop hematopoietic and immune suppression that can lead to dose reductions and delays in therapy [1] [2] [3] [4] . Dose reductions and treatment delays can compromise the outcomes of cancer therapy and decrease overall survival and disease-free survival [1, [4] [5] [6] [7] . However, strategies to effectively reduce the undesirable collateral effects of these therapies and accelerate the recovery of depressed hematopoietic and immune functions after chemotherapy and/or radiotherapy remain a major clinical problem.
An increasing body of evidence suggests that chemotherapy and radiation impair hematopoietic and immune functions not only by causing direct damage to DNA but also by increasing the production of reactive oxygen species (ROS) [8] [9] [10] [11] [12] . Increases in ROS production in hematopoietic stem and progenitor cells (HSPCs) can lead to bone marrow (BM) suppression through induction of HSPC apoptosis and senescence. The latter effect is primarily attributed to ROS-mediated stimulation of HSPC cycling and activation of the p38-p16 senescent pathway [13] [14] [15] [16] [17] [18] [19] [20] . In addition, increased production of ROS is one of the key mechanisms by which myeloid-derived suppressive cells (MDSCs) inhibit various immune functions [21] [22] [23] [24] [25] [26] [27] [28] [29] [30] . Therefore, antioxidant therapy has been proposed to have the potential to reduce chemotherapy-and radiation-induced hematopoietic and immune suppression. However, its use has been limited because of concerns that antioxidants can also compromise tumor cell response to chemotherapy and radiation.
NOV-002 is the oxidized form of glutathione disulfide (GSSG) that has exhibited significant anti-cancer activity when combined with cytotoxic chemotherapy (Fig. 1A ) [31] [32] [33] [34] [35] [36] . Interestingly, clinical and preclinical data also suggest that the addition of NOV-002 can reduce chemotherapy-induced hematologic toxicity and immune suppression [34, 36] . Because of its potential hematopoietic promoting and immunomodulatory activities, it has been suggested that NOV-002 may be particularly useful in combination with certain hematopoietic and immune suppressive chemotherapy agents such as cyclophosphamide (CTX) to treat cancer patients [36] .
The mechanisms of action of NOV-002, however, in modulating the responses of the hematopoietic and immune systems to chemotherapy and/or radiotherapy have not been well characterized. It has been suggested that the pharmacologic effects of NOV-002 may be attributable to the modulation of cellular redox through its GSSG component [33, 35, 36] . Such modulation may underlie its clinical actions, including promotion of hematologic recovery and immunostimulation in the face of chemotherapy-induced hematopoietic and immune dysfunction that have been observed in some earlier studies [33, 35, 36] . To test this hypothesis, we examined the effects of NOV-002 on CTX-induced hematopoietic toxicity and immune suppression in a mouse model. Our results showed that NOV-002 treatment induced the expression of superoxide dismutase (SOD) 3 and glutathione peroxidase (GPX) 2 in HSPCs, inhibited CTX-induced increases in ROS production in HSPCs and MDSCs, and attenuated CTX-induced reduction in the ratio of reduced-to-oxidized glutathione in the spleen. These effects led to a significant improvement in hematopoietic and immune functions. These findings provide a better understanding of the mechanisms of action of NOV-002 in modulating chemotherapy-induced myelosuppression and immune dysfunction and provide a rationale of further clinical study of NOV-002 to promote BM recovery and enhance immunity during cytotoxic chemotherapy.
Materials and methods

Mice
Male C57BL/6 (Ly5.2) mice were purchased from The Charles River Laboratories (Wilmington, MA, USA). Mice were housed four in a cage and received food and water ad libitum. All mice were used at approximately 8-12 weeks of age. They were divided into three groups with a minimum of three to five mice per group: control, CTX, and NOV-002 plus CTX. Control mice were treated with phosphate-buffered saline (PBS) only, CTX mice were given an intraperitoneal (ip) injection of CTX (200 mg/kg; Sigma-Aldrich, St. Louis, MO, USA) on day 0, and NOV-002 plus CTX mice were treated with up to seven consecutive daily ip injections of 25 mg/kg NOV-002 (Novelos Therapeutics, Newton, MA, USA) starting on the day before CTX. At days 3 and 7 after CTX treatment, the mice were euthanized with CO 2 and by cervical dislocation for the collection of BM cells as described below. Pmel-1 transgenic (Ly5.2) mice originally obtained from The Jackson Laboratory (Bar Harbor, ME, USA) were bred in the AAALAC-certified animal facility of the Medical University of South Carolina (MUSC). T cells from Pmel-1 transgenic mice expressing the Vα1/Vβ13 T cell receptor specifically recognize the H-2D b -restricted human gp100 [25] [26] [27] [28] [29] [30] [31] [32] [33] epitope (KVPRNQDWL: gp100 [25] [26] [27] [28] [29] [30] [31] [32] [33] ). This peptide represents an altered form of the murine gp100 [25] [26] [27] [28] [29] [30] [31] [32] [33] (EGSRNQDWL) with improved binding to the MHC class I. The Institutional Animal Care and Use Committees of the MUSC and the University of Miami approved all experimental procedures used in this study.
Isolation of bone marrow mononuclear cells (BM-MNCs) and preparation of splenocytes
The femora and tibiae were harvested from the mice immediately after they were euthanized. BM cells were flushed from the bones into Hanks' balanced salt solution containing 2% fetal calf serum using a 21-gauge needle and a 5-ml syringe. Cells from three to five mice were pooled to obtain a sufficient number of cells and centrifuged through Histopaque 1083 (Sigma-Aldrich) to isolate BMMNCs. Spleen single-cell suspensions were prepared as previously described [20, 37] .
Quantitative analysis of BM hematopoietic stem cells (HSCs) and hematopoietic progenitor cells (HPCs)
Briefly, 1 × 10 6 BM-MNCs were incubated with biotin-conjugated rat antibodies against CD3 , CD45R/B220, Gr-1, Mac-1, and Ter-119 and then with streptavidin-FITC. After incubation with anti-CD16/ CD32 antibody, they were stained with anti-Sca-1-PE and anti-ckit-APC antibodies. All these antibodies were purchased from BD Biosciences (San Diego, CA, USA). Lin 
Colony-forming cell (CFC) assay
Colony-forming unit-granulocyte macrophage (CFU-GM) was analyzed by CFC assay to measure HPC function. Briefly, BM-MNCs were suspended in MethocultM3434 medium (StemCell Technologies, Vancouver, BC, Canada) at 2 × 10 4 viable cells/ml and seeded in wells of 24-well plates. The plates were incubated at 37°C in a humidified incubator with 5% CO 2 in air for 7 days. Colonies of 50 or more cells were scored under an inverted microscope.
Cobblestone area-forming cell (CAFC) assay
The CAFC assay was done according to the procedures developed by Pleomacher et al. with modifications as we previously reported [37] [38] [39] . Briefly, stromal layers were prepared by seeding 10 3 FBMD-1 stromal cells per well into flat-bottom 96-well plates (Falcon, Lincoln Park, NJ, USA). One week later, BM-MNCs were overlaid on these stromal layers in six dilutions, threefold apart, consisting of 20 wells per dilution to allow limiting-dilution analysis of the precursor cells forming hematopoietic clones under the stromal layer. Cultures were fed weekly by changing half of the medium. The frequencies of CAFCs were determined at 35 days of culture to measure the clonogenic function of HSCs as previously described [37] [38] [39] .
Analysis of the frequencies of erythroid progenitors in BM-MNCs by flow cytometry
Briefly, 1 ×10
6 BM-MNCs were incubated with anti-CD16/CD32 antibody (BD Biosciences) to block antibody-nonspecific bindings. The cells were then stained with PE-conjugated Ter-199 antibody (BD Biosciences) to label erythroid progenitors. Phenotypic analysis of erythroid progenitors was performed using a FACSCalibur (Becton-Dickinson) and the data were analyzed using CellQuest software (Becton-Dickinson) after gating on viable cells.
Analysis of ROS production in BM HSPCs
BM lineage-negative hematopoietic cells (Lin − cells) were isolated as described previously [8, 9] . Lin − cells (1× 10 6 /ml) stained with anti-Sca-1-PE and anti-c-Kit-APC antibodies were suspended in PBS supplemented with 5 mM glucose, 1 mM CaCl 2 , 0.5 mM MgSO 4 , and 5 mg/ml bovine serum albumin and then incubated with 5-(and-6)-chloromethyl-2′,7′-dichlorodihydrofluorescein diacetate (CM-H 2 DCFDA; Invitrogen, Carlsbad, CA, USA) (10 μM) for 30 min at 37°C. The levels of ROS in Lin − cells, HPCs, and HSCs were analyzed by measuring the mean fluorescence intensity (MFI) of 2′,7′-dichlorofluorescein (DCF) using a FACSCalibur flow cytometer (Becton-Dickinson). For each sample, a minimum of 200,000 Lin − cells was acquired and the data were analyzed using CellQuest software (Becton-Dickinson). In all experiments, PE and APC isotype controls and other positive and negative controls were included as appropriate.
Analysis of the frequencies of MDSCs in peripheral blood and the spleen by flow cytometry
Peripheral blood and cell suspensions from spleens were incubated with APC-conjugated anti-CD11b and PE-conjugated anti-Ly6G antibodies (BD Biosciences). The percentage of double-positive cell population was determined using a FACSCalibur flow cytometer (BectonDickinson). For each sample, a minimum of 200,000 events were acquired and the data were analyzed using CellQuest software (Becton-Dickinson).
In vitro T cell suppression assay
Splenocytes were incubated with APC-conjugated anti-CD11b and PE-conjugated anti-Ly6G antibodies (BD Biosciences). CD11b In vivo T cell suppression assay C57BL/6 mice (Ly5.2 + ) were treated with PBS, CTX, or NOV-002 and CTX as described previously. At day 7 after CTX injection 1 × 10 7 splenocytes from Pmel mice (Ly5.1 + ) were adoptively transferred to these mice. The recipient mice were vaccinated with 100 μg of mouse gp100 [25] [26] [27] [28] [29] [30] [31] [32] [33] melanoma peptide24 h after the cell transfer. The frequencies of transferred Pmel T cells were determined 3 days after vaccination by flow cytometry to detect Ly5.1 + donor T cells.
Analysis of ROS production in MDSCs
Briefly, BM cells were incubated at 37°C in the presence of 5 μM CM-H 2 DCFDA for 30 min after immunostaining with APC-conjugated antiCD11b and PE-conjugated anti-Ly6G antibodies (BD Biosciences). For induced activation, cells were cultured simultaneously with CM-H 2 DCFDA and 30 ng/ml phorbol myristate acetate (PMA; Sigma-Aldrich). Analysis of ROS production in CD11b + , Ly6G
+ MDSCs was then conducted by flow cytometry as described above.
Analysis of reduced glutathione (GSH)-to-oxidized glutathione (GSSG) ratio
Spleen sections from the same mice were cryopreserved in PBS (GSH sample) or in 30 μl of scavenger solution (GSSG sample) (Oxford Biomedical Research, Rochester Hills, MI, USA). The amounts of GSH and GSSG were assayed using a microplate assay kit (Oxford Biomedical Research) after thawing and deproteination with a 5% metaphosphoric acid solution. Concentrations of GSH and GSSG were extrapolated from a calibration curve and the ratio was calculated as follows: ratio = GSH t − 2GSSG/GSSG.
Analysis of mRNA expression of antioxidant enzymes in HSPCs by real-time RT-PCR
Total RNA was extracted from purified HSPCs (Lin − , c-Kit + , Sca-1 + cells) using the RNeasy Mini Kit (Qiagen, Valencia, CA, USA) according to the manufacturer's instructions. First-strand cDNA was synthesized from total RNA using the SuperScript II first-strand synthesis system (Invitrogen) as we previously described. PCR primers for SOD1, SOD2, SOD3, catalase, GPX1, GPX2, peroxiredoxin (PRDX) 1, PRDX2, and thioredoxin reductase (TXNRD) 1 were customer-designed and obtained from Integrated DNA Technologies (Coralville, IA, USA). The sequences of the primers are listed in Table 1 . The threshold cycle (C t ) value for each gene was normalized to the C t value of glyceraldehyde-3-phosphate dehydrogenase. The relative mRNA expression was calculated using the comparative C t (2 −ΔΔCt ) method.
Statistical analyses
Statistical analyses were performed using two-sided t test and nonparametric Mann-Whitney U test. Differences were considered significant at p b 0.05. All of the analyses were done using GraphPad Prism from GraphPad Software, Inc. (San Diego, CA, USA).
Results
NOV-002 reduces CTX-induced myelosuppression by protecting HSPCs
To elucidate the mechanisms by which NOV-002 reduces chemotherapy-induced BM toxicity, we first examined the effects of NOV-002 treatment on CTX-induced myelosuppression using a murine model. In this model, mice were given a single dose of CTX with or without daily NOV-002 injections starting on the day before chemotherapy. This daily regimen closely resembles the dosing schedule of NOV-002 utilized in clinical trials. On day 3 after CTX treatment, the mice were sacrificed and BM cells were harvested. (Fig. 1B) . The number of these cells was calculated according to the total number of BM-MNCs and averaged for each mouse in the same treatment groups. An initial experiment showed that mice treated with NOV-002 alone did not exhibit any significant changes in various BM indices compared with vehicle-treated controls (data not shown). Therefore, in the subsequent experiments, this group was omitted from the study. As shown in Fig. 1C , treatment with CTX resulted in a significant reduction in the numbers of BM-MNCs, HPCs, and HSCs. This reduction was attenuated by treatment with NOV-002. To test if the clonogenic function of HPCs and HSCs can also be protected by NOV-002 treatment, we performed CFU-GM and CAFC assays, respectively. In concordance with our previous findings, CTX significantly reduced the clonogenic functions of both HPCs and HSCs [9] . However, daily NOV-002 injections resulted in significantly higher levels of HSC clonogenic function as measured by day 35 CAFCs compared to CTX alone. Likewise, the levels of HPC clonogenic function measured by CFU-GMs were also significantly higher in NOV-002-treated mice than in CTX alone-treated mice, but to a lesser extent than that observed with HSCs (Fig. 1D ).
Because some previous clinical studies with NOV-002 in cancer patients receiving chemotherapy have reported a decrease in anemic events [36, 40] , we examined whether NOV-002 treatment had an effect on the CTX-induced damage to erythroid precursors. To this end, BM cell suspensions were harvested from mice on day 3 after PBS or CTX injection with or without NOV-002 treatment. The cells were stained with an antibody against the erythroid marker Ter-119. Fig. 2A shows a representative dot plot of BM cells from each experimental group. We found significantly higher levels of Ter-119-positive cells in BM cells from NOV-002-treated mice at day 3 post-CTX relative to mice that received CTX only (Fig. 2B) . Greater numbers of megakaryocyteerythrocyte progenitors, which give rise to megakaryocyte-erythrocyte lineages, were also observed in BM of mice treated with NOV-002 on day 3 after CTX treatment than in those of mice with CTX treatment alone (data not shown). Taken together, these data suggest that NOV-002 treatment can ameliorate CTX-induced BM toxicity not only by reducing the decrease in HSCs and HPCs, but also by preserving their hematopoietic function.
NOV-002 inhibits CTX-induced increase in ROS production in HSPCs
Increases in ROS production in HSPCs can occur under various pathological conditions that lead to inhibition of HSPC function and BM suppression, because ROS can induce HSPC apoptosis and senescence in a dose-dependent manner [13] [14] [15] [16] [17] [18] [19] [20] . We examined whether NOV-002 as a redox modulator can reduce CTX-induced BM suppression in part by downregulating ROS production in HSPCs. As shown in Fig. 3 , the MFI of DCF in Lin − BM hematopoietic cells, HPCs, and HSCs from CTX-treated animals was significantly greater than that in the cells from PBS-treated mice. This change is unlikely to be caused by the differences in the uptake of CM-H 2 DCFDA and efflux of DCF between the cells from PBS-treated mice and those from CTX-treated animals, as they showed similar DCF MFI after the cells were incubated with irradiated CM-H 2 DCFDA (data not shown). In addition, Mn(III) meso-tetrakis(N-ethylpyridinium-2-yl) porphyrin, a superoxide dismutase mimetic and potent antioxidant, could inhibit CTX-induced increases in DCF MFI in HSPCs (data not shown). These results suggest that CTX treatment elevates ROS production in hematopoietic cells. Interestingly, the increases were abrogated in HSCs and attenuated in Lin − cells and HPCs by the treatment with NOV-002. These results demonstrate that indeed NOV-002 has the ability to reduce CTX-induced Table 1 Primer sequences used for real-time RT-PCR. increase in ROS production in HSPCs, which may confer a significant protection of HSPCs against CTX-induced toxicity.
NOV-002 does not reduce the induction of MDSCs by CTX, but decreases their immunosuppressive activity
Our group and others have previously reported that CTX treatment can increase circulating MDSCs (CD11b + , Ly6G + cells) in both mice and humans [22, [41] [42] [43] [44] [45] [46] . MDSCs are strong suppressors of T-cellmediated responses [28, 47] and therefore may contribute to CTXinduced immune suppression [46] . We examined if the treatment with NOV-002 can also have an impact on CTX-induced immune suppression by modulating the induction and activity of MDSCs. As shown in Fig. 4A , CTX significantly increased the frequencies of MDSCs in the spleen and peripheral blood. The increases were not affected by NOV-002 treatment. We then determined whether NOV-002 treatment had an effect on the immunosuppressive activity of MDSCs. To this end, T cells were cocultured with purified MDSCs at various Tcell-to-MDSC ratios and then activated with beads coated with monoclonal antibodies against CD3 and CD28. The proliferation of T cells was determined by [ 3 H]thymidine incorporation, and the percentage suppression of T cell proliferation was calculated relative to the proliferation observed in the absence of MDSCs. Fig. 4B shows a significant decrease in the percentage of suppression of T cell proliferation by MDSCs isolated from mice treated with CTX+ NOV-002 compared with MDSCs isolated from mice treated with CTX only.
Next, we examined the effect of NOV-002 treatment on the in vivo immunosuppressive activity of CTX-induced MDSCs. In this study, C57BL/6 (Ly5.2) mice were injected with PBS, CTX, or CTX + NOV-002 as described before. After 7 days of treatment, 1 × 10 7 splenocytes from Pmel mice (Ly5.1 + ) were adoptively transferred to the treated mice. One day after transfer, the recipient mice received 100 μg of cognate gp100 peptide, and 3 days later the frequency of Pmel cells in the peripheral blood was determined by flow cytometry according to Ly5.1 staining among host lymphocytes as shown in Fig. 4C . Fig. 4D shows a robust expansion of Pmel lymphocytes in response to activation with cognate peptide in mice that did not receive CTX. However, this expansion was significantly reduced after CTX treatment presumably because of the suppressive effect of CTX-derived MDSC [23, 28, 29] . By contrast, daily NOV-002 injections after CTX treatment were able to attenuate the reduction in Pmel cell expansion. These results suggest that NOV-002, although unable to alter the overall expansion of CTX-induced MDSCs as shown in Fig. 4C , is able to reduce their ability to suppress T cell responses.
NOV-002 treatment inhibits ROS production by CTX-induced MDSCs and increases GSH/GSSG ratio in MDSCs from CTX-treated mice
To further elucidate the mechanism associated with the reduction in the immunosuppressive activity of CTX-induced MDSCs after NOV-002 treatment, we measured the levels of ROS in MDSCs from mice treated with CTX or CTX + NOV-002, because it has been suggested that increased production of ROS can increase the immunosuppressive activity of MDSCs [23, [28] [29] [30] . ROS production by MDSCs from mice receiving CTX and/or NOV-002 treatment was determined by flow cytometry with or without PMA stimulation as shown in Fig. 5A . Treatment of mice with NOV-002 significantly reduced ROS production in unstimulated MDSCs from CTX-treated mice by approximately 44%. As expected, stimulation of MDSCs from day 7 CTX-treated mice with PMA (30 ng/ml) led to a further increase in ROS production. However, the increase again was significantly reduced by NOV-002 treatment (Fig. 5B ). In addition, we analyzed the overall levels of GSH and GSSG in spleen and calculated their ratio and found that CTX treatment significantly reduced the GSH/GSSG, whereas NOV-002 treatment attenuated the reduction (Fig. 5C ). These results suggest that treatment with NOV-002 decreases the production of ROS by CTX-induced MDSCs, which may contribute to the reversal of MDSC-mediated immune suppression of T cell function.
NOV-002 treatment increases SOD3 and GPX2 expression in HSPCs
To gain more insight into the mechanisms by which NOV-002 regulates ROS production in HSPCs after CTX treatment, we analyzed the mRNA expression of several important antioxidant enzymes by realtime RT-PCR. As shown in Fig. 6 , the expression of SOD3 and GPX2 mRNA in HSPCs was downregulated more than 50% by the treatment with CTX, whereas the expression of all other antioxidant enzymes examined was not significantly changed by CTX injection. The downregulation of the expression of SOD3 and GPX2 mRNA in HSPCs was completely inhibited by NOV-002 treatment. More interestingly, the expression of SOD3 mRNA was actually increased about 2.5-fold in the cells from NOV-002-treated mice compared to that in the cells from PBS-treated mice. These findings suggest that NOV-002 can inhibit CTX-induced oxidative stress in HSPCs at least in part by upregulating the expression of SOD3 and GPX2.
Discussion
Hematologic toxicity and immune suppression are common complications of chemotherapy in cancer patients [6, 48] . The mechanisms by which chemotherapeutic agents cause these complications are not yet completely understood, but may be attributed in part to the induction of increased production of ROS in HSPCs [49] [50] [51] [52] [53] [54] and MDSCs [23, 29] .
It has been well established that increased production of ROS contributes to the BM suppression induced by total body irradiation [9] . However, the role of ROS in mediating BM suppression induced by chemotherapeutic agents such as CTX was not well understood. Our present studies suggest that ROS may also play an important role in CTX-induced myelosuppression. First, we have found that increased production of ROS is associated with CTX-induced hematopoietic toxicity. Furthermore, our study shows that the addition of the glutathione disulfide mimetic NOV-002 to CTX, a widely used chemotherapeutic agent, results in protection of BM HSPCs against the cytotoxic effects of CTX, including the preservation of the number of BM HSPCs and their clonogenic activities. The protective effects of NOV-002 against CTX may be attributable to its ability to modulate cellular redox. This suggestion is supported by the finding that NOV-002 treatment upregulated the expression of SOD3 and GPX2 in HSPCs, inhibited CTX-induced increases in ROS production in HSPCs and MDSCs, and attenuated CTX-induced reduction in the ratio of GSH/ GSSG in MDSCs. However, the mechanisms by which ROS mediate CTX-induced HSPC injury have yet to be elucidated. However, it has been shown that ROS can impair HSPC function by inducing HSPC apoptosis and senescence. The induction of HSPC apoptosis is primarily attributed to ROS-produced oxidative damage. In contrast, the induction of HSPC senescence may result from ROS-mediated stimulation of constant HSPC cycling and activation of the p38 mitogenactivated protein kinase-p16 Ink4a pathway. It has yet to be determined whether CTX causes BM suppression through induction of HSPC apoptosis and/or senescence through ROS. In addition, it appears that the protective effect of NOV-002 on HSCs was greater than that on HPCs as shown in Figs. 1C and D. This may be attributable to the higher sensitivity of HSCs to oxidative damage compared to HPCs as shown in previous studies [9, [15] [16] [17] . Although NOV-002 can effectively protect HSPCs by inhibiting CTX-induced ROS production, it is unlikely that NOV-002 will increase the risk of cancer patients to secondary malignancies. This is because it has been well established that increase in ROS production is the underlying mechanism whereby chemotherapy and radiation cause genetic instability that can lead to the induction of leukemia and cancer. MDSCs are a heterogeneous population of immature myeloid cells whose numbers can increase rather dramatically in a variety of diseases, including cancer, autoimmune disease, trauma, burns, and sepsis, as well as in response to certain immunosuppressive chemotherapeutic drugs, such as CTX [21] [22] [23] 28, 29] . Initial studies on MDSCs have occurred mostly in the setting of cancer, focusing on the ability of MDSCs to suppress T cell activation through several mechanisms, including generation of ROS, depletion of GSH, nitrosylation of T cell receptor, depletion of extracellular arginine (essential micronutrient for T cells), and secretion of immune-inhibitory cytokines and molecules (such as IL-10 and prostaglandins) [21] [22] [23] [24] [25] [26] [27] [28] [29] [30] . Our group and others have previously shown an association between CTX-containing chemotherapy and increased levels of circulating MDSCs, which can suppress T cell activation in various preclinical and clinical settings [22, [42] [43] [44] [45] . Our results presented here showed that NOV-002 had no impact on overall levels of CTX-induced MDSCs. However, MDSCs from mice treated with NOV-002 showed decreased immunosuppressive capabilities. Because one of the immunosuppressive mechanisms of MDSCs is the generation of ROS, we examined whether NOV-002 affected the ability of MDSCs to generate ROS. Our findings suggest that daily treatment with NOV-002 was able to reverse T cell suppression by CTX-derived MDSCs in vivo, through downregulation of ROS production as seen in HSCs/HPCs.
These findings suggest that pharmacological modulators of the redox pathway, such as NOV-002, may be an alternative to growth factors for ameliorating chemotherapy-induced hematologic toxicities and immune suppression. This is particularly important when concerns about widespread use of erythropoiesis-stimulating agents decreasing survival and/or leading to poorer cancer-related outcomes in cancer patients have restricted their use, and no other alternatives currently exist other than blood transfusions. Moreover, our results also demonstrate that NOV-002 was able to modulate the suppressive effects of CTX-derived MDSCs. These studies further our understanding of the hematologic effects of NOV-002. One previous randomized phase 2 trial in patients with advanced non-small-cell lung cancer receiving platinum-based chemotherapy ± daily NOV-002 injections reported that patients receiving NOV-002 in combination with chemotherapy had reduced hematologic toxicities from the chemotherapy as evidenced by significantly higher peripheral leukocyte, hemoglobin, and lymphocyte counts [36] . However, these findings were not observed in a subsequent larger randomized phase 3 trial. Our results here suggest that this improvement in hematologic indices by the addition of daily NOV-002 observed in some clinical trials may be attributable in part to the ability of this compound to inhibit ROS production in HSPCs in response to chemotherapy. However, unlike other redox-modulating agents, particularly various antioxidants, NOV-002 does not protect tumor cells against chemotherapy. Therefore, NOV-002 may be of particular benefit in the amelioration of chemotherapy-induced hematologic toxicities and immune suppression in cancer patients.
